The capacity of the headed studs when they are close to the edge may be limited by the splitting forces in the concrete. In the Eurocode 4 Part 2 Annex C the shear capacity under this particular arrangement of the studs, which is directly dependent on the distance to the edge, is formulated. In addition, the geometrical restrictions to prevent the failure by pullout of the studs are also given in clause C1 (2). These rules are based on push-out tests for the edge position where tension forces in the lying studs spread over the width of the specimen in this unfavorable way. Nonetheless, the current limits lead to extremely long studs and represent a severe restriction, and on the other hand, it is still an open question whether in real buildings or bridge girders the tension stresses that produce the pull-out appears in the same way as in the push out tests. In this paper the revision of these restrictions is presented together with a research for the alternative use of EN 1992-4 plus RFCS Project INFASO for the verification of the tension loads on the studs.
Introduction
Headed studs close to the concrete edge allow interesting forms of construction, such as building edge beams in car park construction or slimfloor beams [1] . In bridge construction, the horizontal studs may serve to longitudinally connect the steel girder to the concrete slab as for example in an arch bridge. Similarly, a double layer of horizontal studs represents the connection steelconcrete in an innovative design of composite bridge girder, where the upper flange of the steel girder has been replaced by the studs (Fig. 1 and Fig. 2 ) [2] , [3] . For this section girder design, the studs are arranged in a lower layer embedded into a prefabricated concrete slab and an upper layer in concrete in in-situ. The advantages of this configuration come from the reduction in the steel consumption together with the constructional advantages of prefabrication. An additional improvement of the transversal bending capacity and longitudinal connection can be achieved by using a corrugated steel web for the girder [2] , [3] . [2] , [3] A main aspect to consider when studs are close to the edge is the reduction of the connection capacity due to the splitting forces whether the stud is in vertical or horizontal position (Fig.  3 ). There are different geometrical parameters that influence the behavior of the stud connection, but the most important one is the effective edge distance a r ', which is the distance between the bolt axis and the axis of the reinforcement (Fig. 3 and Fig. 4) . Additionally, it is necessary to distinguish between middle and edge position of the connection, since the edge position is more unfavorable due to the possible tensional forces on the studs, not balanced as in the middle position. 
State of the art
The behavior of the headed studs close to the concrete edge has been the objective of several researches, see [5] , [6] as well as [7] - [9] under static longitudinal and vertical shear and the combination of both. The fatigue strength has been also under analysis. Annex C of EN 1994-2 [10] collects the results of these works, so they can be used in practice.
However, there are still some aspects that require a further study, this is the case of the fatigue strength of the connection under vertical shear, corresponding to the fatigue loading derived from wheel loads. In this framework, a proposal of enhancement of the Annex C based on the works from [4] , [13] has been implemented [14] .
Another clause of the Annex C (EN 1994-2) [10] that requires a revision is the one related to the geometrical restrictions for the length of the stud to prevent the pull-out of the headed studs These limitations for the length v of the headed studs come from the investigations of [6] ( Fig. 5 ) where a premature failure by pull-out of the stud was observed. This should be prevented by a simple safe-sided solution However, the rules may lead to extremely long studs, which are difficult for construction practice.
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Fig. 5 . Pull-out in specimens [6] In that regard, the question is whether in real strctures the tension forces occur in the same way as in the conducted experimental tests. In addition, meanwhile the fastening technology represents an alternative for the practicioners EN 1992-4 [12] to verify the pull-out forces and the capacity of the headed studs in tension.
In order to know the tensile forces able to be carried by the headed studs in a thin concrete slab, as correspond to a composite girder design with the namely horizontally lying studs, a preliminar small experimental program was carried out. This paper is devoted to the presentation of the results from the tests and their comparison with the fastening technology EN 1992-4 [12] plus newer approaches according to the RFCS Project INFASO [11] and [16] . In addition a German project [15] has started to develop these solutions covering also the shear loading.
Experiments under pull-out
An experimental program of 6 specimens under pull-out load was accomplished [16] . The parameters that varied between the different specimens were the length of the headed studs L (125/200 mm), the concrete thickness t (250/300 mm) and the reinforcement ratio n, see Table 1 . The geometry of the test can be observed in Fig. 6 , where the design necessary to apply the load is also shown. The specimens consist of an inverted-T concrete part (see Fig. 6 and Fig. 7 ) where four headed studs have been embedded. The headed studs were welded to an IPE-profile that is not under analysis, its function is exclusively the load application. From the test results the failure mode according to the different parameters was determined thanks to the force-displacement curve (Fig. 8) together with the strain measurements in headed studs and reinforcement and the visual inspection.
In specimens R-1 and R-2 with shorter headed studs and thiner concrete slab (Table 1) , the typical descending branch after the failure by formation of the concrete cone was observed. The specimen R-2 which presents a higher reinforcement gave a higher capacity of the connection. This test specimens failed due to concrete failure between the supplementary reinforcement. The specimens R-3 and R-4 introduced longer headed studs and a higher ductility of the connection. For the specimen R-3 the reinforcement was governing the failure and in the case of R-4, with more reinforcement ratio, the headed stud was limiting the connection capacity. Due to the longer embedment depth of the headed studs it has been possible to activate a larger concrete volume. Therefore, the connection beared a higher maximum tensional force.
Finally, specimens R-5 and R-6 with higher thickness of the concrete slab and larger distance to the concrete edge, presented respectively failure of the reinforcement and the concrete and steel failure of the headed stud for the test R-6 with a higher reinforcement ratio.
Application of the fastening technology
The results from the experiments were compared with the values of capacity given by the fastening technology from EN 1992-4 [12] . Several equations are implemented in the standard corresponding to the different failure mechanisms, nonetheless, the boundary conditions such as the influence of the edge effect on two sides given by a relative small concrete slab and a short distance of the stud to the edge are not specifically considered. So that, with this investigation, the suitability of EN 1992-4 [12] to calculate the capacity of the headed studs under tension in such conditions, can be verified. The failure modes and the corresponding equations (Eq. 3-8) considered by the standard are presented below:
Steel failure of the headed stud (EN 1992-4/ Cl.7.2.1.3):
Pull-out failure of the headed stud (EN 1992-4/ Cl.7.2.1.4):
Blow-out failure of a headed stud (EN 1992-4 / Cl.7.2.1.8): 
-Anchorage failure of the reinforcement:
The failure patterns observed in the experiments and the capacity of the connection match with the minimum value calculated with EN 1992-4 [12] except for the cases involving concrete strut failure, see Fig. 9 . In those cases the standard is too conservative and the results from INFASO Project [11] have been checked. In that European project new approaches to determine the connection capacity consider the load transfer due to concrete and hanger reinforcement. The comparison of the maximum capacity from the tests with the values from [16] can be observed in Fig. 10 , the improvement of the accuracy of the prediction for the cases R-1, R-2 and R-5, with concrete strut failure is considerable. 
New investigations of the connection under shear
A German project [15] is now under development with the aim of assessing the tensional forces taken by the studs under longitudinal shear. It includes an experimental program of 9 push-out tests with a similar design to the specimens from Breuninger [6] , so that the failure patterns there detected may be revised and the geometrical conditions from EN 1994-2 Annex C [10] readjusted. The specimens try therefore to reproduce the same geometry as the tests from Breuninger [6] and also from the pull-out experimental program [16] , in order that the results are comparable. The parameters that varied between the different specimens are shown in Table 2 , and are the length of the headed studs L (100/125/200 mm), the concrete thickness t (250/300 mm) and the reinforcement ratio n. Therefore, in comparison with the experimental program presented in section 4 under tension, the new experimental program presents two specimens with a shorter headed stud (100 mm) in combination with a larger distance to the concrete edge of the headed stud (150 mm). These cases are chosen according to [6] as the most unfavorable cases susceptible to fail by pull-out. The boundary conditions for the tests were defined as in Fig. 11 , so that, the tension and compression are measured in the headed studs, except for two cases with restricted displacement on the horizontal direction and pure shear loading in the headed studs, Fig.  12 . Fig. 11 . Test set-up for specimens under shear and tension load [15] ( ) + ( ) ≤ 1.0 (10) Fig. 12 . Test set-up for specimens under shear load [15] The experimental program is completed with a numerical study by means of FE modelling using the commercial software Abaqus [17] . After the calibration of the model a parametrical study is planned so that more cases may be assessed to give the practicioners more reliable criteria to ensure no pull-out failure of the headed studs due to shear loading according to EN 1994-2 Annex C and to allow for a direct verification of the interaction of shear and tensions forces in slender slabs of composite girders with horizontally lying studs.
Concluding remarks
This paper is a report of the design restrictions to the headed studs close to the slab edge in EN 1994-2 Annex C. The focus of the research is on the strict geometrical conditions to prevent the pull-out of the headed stud under longitudinal shear (Clause C1 (2)) and the required further research. The fastening technology EN 1992-4 [12] is demonstrated to be able to predict the tensile capacity of horizontally lying studs by comparison with a experimental program of pull-out tests. New approaches from INFASO project [11] are proven to be more accurate in the prediction by considering the load transfer due to concrete and hanger reinforcement. A current project [15] is devoted to test the connection not only under pull-out but under longitudinal shear, so that the tension forces on the headed studs can be assessed.
